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(57) ABSTRACT

A novel microwave-assisted process 1s described for the rapid
removal of catalytic metal and non-desirable carbon 1mpuri-
ties 1n fullerene, single wall, and multiple wall carbon nano-
tube preparations. The purification process 1s carried out at
various programmed pressures, power levels and reaction
times 1n a suspension of the nanocarbon moieties 1n the pres-
ence of strong acids (for example, a mixture of sulturic acid
and nitric acid), in weak acids (for example, acetic acid) and
in the presence of chelating agents (for example, EDTA—
cthylenediaminetetraacetic acid). In one embodiment, high
metal removal etficiency of 70 to 90% 1s observed.
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RAPID MICROWAVE PROCESS FOR
PURIFICATION OF NANOCARBON
PREPARATIONS

FIELD OF THE INVENTION

The present invention relates to the cleansing of nanocar-
bon preparations such as fullerenes including C,, C,,, and
nano-onions, and single wall and multiple wall carbon nano-
tubular fibers or nanotubes. In some embodiments, the inven-
tion relates to a rapid, environmentally friendly method,
which i1s relatively low 1n processing cost.

BACKGROUND OF THE

INVENTION

Since their first discovery by Iijima 1n 1991, single-walled
carbon nanotubes (SWNTs) have attracted much attention
due to their umique structural and electronic properties.
Results on such materials have added to the body of knowl-
edge gathering on spherical fullerenes, such as C,, C,, and
rarer, higher fullerenes such as C, ., C.4, Cy, and Cg . Several
processes for large-scale synthesis/manufacture of SWNTs
have also been developed by various research groups around
the globe, and nearly all of them use transition metal catalysts
to catalyze the process. Among of these catalysts, 1rron, coballt,
and nickel are quite common, with molybdenum typically
used as a promoter. For example the high-pressure carbon
monoxide (CO) (HiIPCO) used by Carbon Nanotechnologies
Inc (CNI) uses Fe as the catalyst. Typically, the carbon nano-
tubes (CNTs) produced by these methods usually contain
both residual catalytic metal and nontubular carbonaceous
species such as amorphous carbon, microcrystalline carbon
soot or graphitic carbon. Fullerene synthesis, for example
from graphite rods via arc discharge evaporation, may also
result 1n the presence of carbon and metal impurities. These
impurities are difficult to control, and are largely buried in the
powdery support material or enclosed by the catalytic metal
in the form of so-called onionated structure, and are therefore
difficult to remove. Despite sustained efforts at conventional
purification protocols in prior art efforts, there still exist sig-
nificant quantities of the above mentioned 1impurities 1n all
SWNT preparations using currently employed synthetic tech-
niques. This necessitates the development of efficient, cost-
clfective and environmentally-friendly purnfication proce-
dures, without which this unique material will have limited
applications.

The conventional method used for punfication of raw
CNTs 1s by an acid treatment process to remove impurities
which 1s time-consuming, and generally requires several days
of stirring or refluxing or several hours of sonication. More-
over, all these methods lead to chemical-functionalization of
the sidewalls and tips of the nanotubes resulting 1n modifica-
tion or degradation of physical properties and defect-induced
structural damage of the nanotubes. So, rapid and efficient
purification methods are needed to dissolve the metal par-
ticles and concomitantly oxidize the amorphous carbon struc-
tures without damaging the nanotubes. Nanotube clean up 1s
a key technology for successiul commercialization of these
materials. Current methods have limitations because they do
not address all the complexities 1nvolved 1n the process. No
off-the-shelf technology i1s directly applicable either. The
important feature of a suitable technique would to be able to
selectively remove metals, contaminants and residual non-
tubular carbons while leaving the nanotubes undamaged.

This mvention describes 1 some embodiments a rapid,
elficient and environmentally friendly microwave-induced
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2

process for the removal of residual transition metal catalysts
and non-desirable carbonaceous materials from nanocarbon

preparations.

SUMMARY OF THE INVENTION

The present invention describes methods for the removal of
contaminants, process aids and itermediates not limited to
and comprising of catalytic metals like 1iron, cobalt and nickel
and non-desirable carbons from nanocarbon preparations.
The purification process 1s microwave assisted reaction 1n
presence of appropriate chemicals, not limited to but includ-
ing strong acids, such as, nitric and sulfuric acids, weak acids
like acetic acid, weak bases such as sodium bicarbonate,
strong bases such as potasstum hydroxide, and metal chelat-
ing agents like ethylenediaminetetraacetic acid (EDTA). In
another embodiment, mixtures of the above chemicals can
also be used for purification. Microwave reactions under dii-
ferent microwave power levels, reaction pressures and times
have been successiully employed. Metal removal efficiencies
have been determined and purified nanotubes have been
obtained.

In another aspect of the present invention, microwave reac-
tions 1n appropriate chemicals, not limited to but including
acids and oxidizing agents under microwave radiations have
been used to remove non-tubular carbon structures and other
contaminants from carbon nanotube sidewalls. These and
other features, aspects and advantages of the present imnven-
tion will become better understood with reference to the
following drawings, description and claims.

Other embodiments provide methods for purilying spheri-
cal nanocarbon preparations, such as Cg.,, C.,, higher
tullerenes, and nano-onions. Contaminants of these prepara-
tions include soot, graphite, amorphous carbon, and even
nanotubular carbon 1 some cases. Some embodiments
expose spherical nanocarbon preparations to appropriate
amounts ol microwave radiation in the presence of suitable
removing agents. Such removing agents include, but are not
limited to, strong acids, such as, nitric and sulfuric acids,
weak acids like acetic acid, weak bases such as sodium bicar-
bonate, strong bases such as potassium hydroxide, and metal
chelating agents like ethylenediaminetetraacetic acid
(EDTA).

In some embodiments, the method does not functionalize
the nanocarbon preparation. That 1s, the removing agent for
example, acts only to remove the contaminants, either selec-
tively or unselectively, from the nanocarbon preparation. In
such an embodiment, the nanocarbon structures themselves
are not modified or derivatized by the method. In other
embodiments, the nanocarbon 1s modified in the method. In
those embodiments, the modified nanocarbon exhibits prop-
erties desired by or usetul to the person applying the method.
In other embodiments, the modification 1s not significant, and
the modified nanocarbon 1s an acceptable material 1n spite of
the modification.

BRIEF DESCRIPTIONS OF THE DRAWINGS

FIG. 1: SEM images of an (a) original SWCN'T's prepara-

tion, and (b) SWCNTSs after 15 mins microwave assisted
reaction mm 1M HNO, TEM images of an (c) original
SWCNTSs preparation, and (d) purified SWNT after 20 mins
microwave iron removal reaction in 1M HNO, Solvent (Scale
Bar: 200 nm).

FI1G. 2: Fourier-transiorm infrared spectrum of: (a) original
single wall carbon nanotubes (SWN'Ts), (b) SWNTSs after 10

minutes reaction in 1M HNO, to remove catalyst metals, and
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(c) SWN'Ts obtained after solvent evaporation from high
concentration SWNT solution 1n nitric acid-sulfuric acid

mixture.

FI1G. 3: Fourier-transform infrared spectrum of: (a) original
multiple wall carbon nanotubes (MWNTs), (b) MWNTs after

10 minutes reaction in 1M CH,COOH+EDTA solution, and
(c) MWNTSs obtained after solvent evaporation from high
concentration MWNT solution 1n nitric acid-sulfuric acid
mixture.

FIG. 4: Scanning electron microscope images of: (a) As-
prepared multiwall carbon nanotubes with amorphous carbon
growths on the surface, and (b) the same sample of multiwall
carbon nanotubes after 10 minutes of low-level microwave
treatment 1n a nitric acid-sultfuric acid mixture.

DESCRIPTION OF THE INVENTION

Asrequired, detailed embodiments of the present invention
are disclosed herein; however, 1t 1s to be understood that the
disclosed embodiments are merely exemplary of the mven-
tion that may be embodied in various forms. The figures are
not necessarily to scale, some features may be exaggerated to
show details of particular components. Therefore, specific
structural and functional details disclosed herein are not to be
interpreted as limiting, but merely as a basis for the claims and
as a representative basis for teaching one skilled 1n the art to
variously employ the present invention.

In some embodiments of the present invention, the process
involves the microwave-assisted reaction between contami-
nants of nanocarbon preparations and other appropnate
reagents. These reagents and combinations thereol may
include but are not limited to strong and weak acids, oxidizing
agents, chelating agents and their mixtures. In other embodi-
ments, other chemicals that can bind to metals and those that
can oxidize the contaminant carbons can also be used to
remove them. The acids used 1n this process include, but are
not limited to mitric acid, hydrochloric acid, sulphuric acids,
organic acids such as acetic acids and mixtures and combi-
nations thereof. An example of an oxidizing agent i1s hydro-
gen peroxide.

Some embodiments of the present invention employ a
method to remove a portion of at least one contaminant from
a nanocarbon preparation comprising subjecting the nanocar-
bon preparation to microwave radiation in the presence of at
least one removing agent. A portion indicates some or all of
the contaminant can be removed. Thus, 1n some embodi-
ments, the preparation emerges substantially purified, while
in other embodiments, the preparation may be only partially
cleansed of a given contaminant. A nanocarbon preparation 1s
any composition containing nano-sized carbon, no matter
how prepared, regardless of any processing that composition
may have endured. Thus, embodiments of the present mven-
tion can be used on freshly-prepared fullerene and carbon
nanotube compositions, and on such compositions that have
otherwise become contaminated.

Microwave radiation can be applied by any appropriate
source. For example, 1n some embodiments, the mmventive
method can be carried out in a microwave oven such as a CEM
Model 205 system.

The at least one removing agent indicates a solvent or
reagent that can remove at least one contaminant from the
carbon nanotube preparation. Suitable removing agents
include more-polar and less-polar solvents such as water,
cthanol, other alcohols, and common organic solvents such as
benzene, ether, alkanes, dimethyl formamide, dimethylsul-
foxide, acetonitrile, and acetone. Suitable removing agents
also include acids, both strong and weak acids, oxidizing
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4

agents such as hydrogen peroxide, and chelating agents.
Removing agents can be used singly, sequentially, or in com-

bination.

Some embodiments of the present invention selectively
remove one contaminant versus another. For example, one
embodiment may remove a greater portion of the metal
present, while leaving behind a greater portion of the non-
tubular carbon present in a carbon nanotube preparation. In
another embodiment, the method could remove a nanotubular
carbon contaminant while leaving behind the spherical nano-
carbon.

Metal removal efficiency 1s defined by the ratio of metal
removed to that originally present. In some embodiments, the
metal removal efliciency may range from 20 to 100%, and in
other embodiments from 60-100%. The conditions may be
any suitable conditions. For example, 1n some embodiments
the bulk reaction temperature may vary from 25° C. to 400° C.
and pressure from half an atmosphere to 20,000 psi., while
reaction time may vary from 5 sec to 10 hours. In some
embodiments, the temperature ranges between 50° C. and
150° C., pressure ranges between 1 to 10 atmosphere and
reaction time ranges between 10 sec to 2 hours. The concen-
tration of removing agents may vary widely. In some embodi-
ments, that concentration ranges from highly concentrated
removing agents such as, for example, pure acids, to dilute
removing agents as low as 0.001 molar. The power of the
microwave radiation suitable for a given embodiment varies
widely. For some embodiments, the reaction can be carried
out with power ranging from 50 to 10000 watts, while in other
embodiments, the power range 1s between 100 to 1000 watts.
The reactions may be carried out in a closed, or open vessel,
in a batch or continuous mode.

In another embodiment, the microwave purification pro-
cess 1s preceded by pretreating involving but not limited to
chemical reaction, heating, washing, chemical washing, dry-
ing, and oxidation. A washing 1s a solvent rinse, while a
chemical wash in some embodiments includes at least one
surfactant. Such pretreating may include more than one of
such treatments, for example, a heating and a chemical reac-
tion. In yet another embodiment, post-treating involving but
not limited to chemical reactions, oxidation, washing, chemi-
cal washing, drying, and washing can be employed. As with
pretreating, post-treating steps may be used singly, sequen-
tially, or in combination.

EXAMPLE 1

The chemical processing experiments ivolved in the
present mvention were carried out in a microwave oven (a
CEM Model 205 system) using a 100 ml reaction chamber,
which was lined with Tetlon PEFA® and fitted with a 0-200 ps1
pressure controller. Typical single and multiwall carbon
nanotube samples containing about 10 weight percent and 1
weight percent of catalytic metals obtained from Carbon
Nanotechnologies Inc and Cheap Tubes Inc, respectively,
were used for the experiments conducted to demonstrate the
invention. All other chemicals used were purchased from
Sigma Aldrich Inc. The purified nanotubes were analyzed for
metal content with an Analyst 4000 Atomic Absorption Spec-
trometer. The microstructure of the purified nanotubes were
determined by field emission scanning electron microscopy
using a LEO 1530 instrument equipped with an energy dis-
persive X-ray analyzer. The chemical structure of the func-
tional groups on the sidewalls was ascertained by fourier
transiorm infrared (FTIR) spectroscopic measurements of the
reacted nanotubes 1n highly purified KBr pellets using a Per-
kin Elmer instrument.
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In a typical reaction, 5 mg to 15 mg of single or multiwall
carbon nanotubes were mtroduced 1nto a reaction chamber
together with 25 ml of different extraction solvents and then
the reaction vessel was subjected to microwave radiation.
Metal removal reactions were carried out with the microwave
power set at 50% of a total of 900 watts and the pressure set at
30 psi1 for the different times respectively. After reaction, the
reacted mixture was filtered and both the solid and solution
phases were subjected to chemical analyses by atomic
absorption and FTIR spectroscopy.

In order to determine the metal content of the starting
CNTs 5 mg of single wall carbon nanotubes and 15 mg of
multiwall carbon nanotubes were added to a reaction vessel
contaiming 25 ml of a 1:1 mixture of 70% nitric acid and 97%
sulfuric acid. Then the reaction vessel was subjected to micro-
wave reaction. With the microwave power set to 50% of a total
of 900 watts and the pressure set at 30 ps1, reaction under
microwaves was carried out for about 1 hour to totally dis-

solve the carbon nanotubes 1n the strong acid. After reaction,
the solution was analyzed by atomic absorption spectroscopy.

EXAMPLE 2

A variety of acids could be used to remove the metals from
the CNTs. The focus here was to use dilute and weak acids
along with complexing agents, so that the CNTs were not
tfunctionalized. The percentage of metal removed depended
upon the acid used, the duration of microwave treatment, and
the specific metal (Fe, Co or Ni1).

Tables 1 and 2 shows selected data on the efficiencies of
metal removal by microwave reaction of 1ron and cobalt for
single and multiwall carbon nanotubes (MWNTs and
SWNTs) respectively, using the various acids. The solvents
used were HNO,, H,SO,, acetic acid (HOAc) and a variety of
complexing agents such as, ethylenediaminetetraacetic acid
(EDTA) and nitrilotriacetic acid (NTAA). As used herein,
“complexing agent” means the same as “chelating agent.”
The acids were mixed with a saturated solution of EDTA, 1M
nitric acid, 1M sulturic acid, ethanol, 1M hydrochloric acid,
100% acetic acid, 1M acetic acid and deionized water. Typi-
cal microwave parameters were 20-50% of the power, 5 to 60
min of reaction time, and 30 psi pressure setting. These con-
ditions needed to be optimized based on the type of nanotube
and the source. The metal concentrations were obtained by
atomic absorption spectroscopy and compared with energy
dispersive x-ray analysis measurements. Using atomic
absorption spectroscopy the cobalt content 1n the starting
multiwall nanotubes 1s 0.466% by weight and the 1iron content
in the starting single wall carbon nanotubes 1s 10.77% by
weight. By comparing the metal contents of the starting nano-
tubes with the metal contents obtained after each removal
procedure, the metal removal efficiency for each process 1s
obtained. N1 was also removed by microwave treatment: 89%
of N1 could be removed by reaction with acetic acid 1n the

presence of ADA (H,NCOCH,N(CH,CO,H),) and HCI.
TABLE 1

Efficiency of Cobalt removal from
MWNT (50% power and 10 min.)

Removal

Efficiency
Reaction Composition % Cobalt
1M CH,;COOH + EDTA Saturated Solution + MWNTs 54
25ml 1M HNO; + 15 mg MWNTs 49.7
25 ml 100% CH;COOH + 15 mg MWNTs 30.6
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TABLE 2

Efficiencv of Fe removal from SWNTs (50% power)

Removal

Efficiency
Reaction Composition Fe %
IMHNO; + SWNTs 90
Conc. Acetic acid + EDTA + (HCl to PH 3) SWNTs 78
Conc. Acetic acid + NTAA + (HCl to PH 3) SWNTs 60.0
1M HCl + SWNTs
IM HCl + SWNTs 7.2

EXAMPLE 3

As-prepared multiwall carbon nanotubes with extensive
amorphous carbon growth on the surfaces 1s shown in the
scanning electron microscope 1mage in FIG. 4(a). Images
taken after a 10 minute treatment at a 50% total microwave
power level 1n a mixture of nitric and sulfuric acid 1s shown in
FIG. 4(b). By comparing the images 1t 1s clear that the amor-
phous carbon growths are removed from the nanotube walls.
The average tube diameters remained unchanged in the 20 to
40 nm range.

As previously stated, detailed embodiments of the present
invention are disclosed herein; however, 1t 1s to be understood
that the disclosed embodiments are merely exemplary of the
invention that may be embodied in various forms. It will be
appreciated that many modifications and other variations that
will be appreciated by those skilled in the art are within the
intended scope of this mvention as claimed below without
departing from the teachings, spirit and intended scope of the
invention. Furthermore, the foregoing description of various
embodiments does not necessarily imply exclusion. For
example, “some” embodiments may include all or part of
“other” and “further” embodiments within the scope of this
ivention.
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What is claimed 1s:

1. A method for chemically extracting impurities from
nanocarbons, comprising:

providing a nanocarbon preparation, the nanocarbon

preparation including a plurality of nanocarbon struc-
tures;

introducing the nanocarbon preparation and at least one

liquid phase removing agent mto a vessel to form a
suspension of the nanocarbon preparation 1n the at least
one liquid phase removing agent;
closing the vessel;
pressurizing the closed vessel;
subjecting the nanocarbon preparation and the at least one
liquid phase removing agent in the closed and pressur-
1zed vessel to microwave radiation to cause the at least
one liquid phase removing agent to chemically react
with and extract a portion of at least one contaminant
from the nanocarbon preparation while the nanocarbon
preparation and the at least one liquid phase removing
agent are subjected to the microwave radiation in the
closed and pressurized vessel;
wherein each nanocarbon structure of the plurality of nano-
carbon structures 1s not functionalized or derivatized by
subjecting the nanocarbon preparation to microwave
radiation 1n the presence of the at least one liquid phase
removing agent in the closed and pressurized vessel; and

wherein the at least one contaminant includes at least one
metal.

2. The method of claim 1, wherein the plurality of nano-
carbon structures 1s a plurality of carbon nanotubes; and

wherein the at least one contaminant includes at least one

non-tubular carbon.

3. The method of claim 2, wherein the plurality of carbon
nanotubes 1s selected from the group consisting of a plurality
of single walled carbon nanotubes, a plurality of double
walled carbon nanotubes, and a plurality of multiple walled
carbon nanotubes.

4. The method of claim 3, wherein the at least one liquid
phase removing agent includes at least one compound that
tacilitates the oxidation of the at least one non-tubular carbon.

5. The method of claim 1, wherein the at least one liquid
phase removing agent includes at least one oxidizing agent.

6. The method of claim 1, wherein the at least one liquid
phase removing agent includes at least one acid.

7. The method of claim 6, wherein the at least one liquid
phase removing agent further includes at least one chelating,
agent.
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8. The method of claim 7, wherein the at least one liquid
phase removing agent further includes at least one oxidizing
agent.

9. The method of claim 6, wherein the at least one acid 1s
selected from the group consisting of nitric acid, sulphuric
acid, hydrochloric acid, and acetic acid.

10. The method of claim 1, wherein substantially no air or
fluid passes through the closed vessel after the closed vessel
has been pressurized.

11. The method of claim 1, wherein the at least one liquid
phase removing agent includes at least one chelating agent.

12. The method of claim 11, wherein the at least one
chelating agent 1s selected from the group consisting of eth-
ylenediamine tetracetic acid (EDTA), 8-hydroxy quinone
nitrilotriacetic acid (NTAA), diphenylthiocarbazole, (di-
thizone), cupferron, and ammonium pyrrolidine dithiocar-
bamate (APDC).

13. The method of claim 1, wherein the subjecting the
nanocarbon preparation to microwave radiation 1s carried out
for a time ranging from about half a minute to about sixty
minutes.

14. The method of claim 1, wherein the plurality of nano-
carbon structures 1s selected from the group consisting of a
plurality of C,,, a plurality of C,,, a plurality of higher
tullerenes, and a plurality of nano-onions.

15. The method of claim 14, wherein the at least one
contaminant includes at least one nanotubular carbon.

16. The method of claim 1, further comprising the step of
pretreating the nanocarbon preparation prior to subjecting the
nanocarbon preparation to microwave radiation.

17. The method of claim 16, wherein the pretreating
includes at least one of chemical reaction, partial oxidation,
washing, chemical washing, drying, oxidation, or a combina-
tion of any of the foregoing.

18. The method of claim 1, further comprising the step of
post-treating the nanocarbon preparation after subjecting the
nanocarbon preparation to microwave radiation.

19. The method of claim 18, wherein the post-treating
includes at least one of chemical reaction, partial oxidation,
washing, chemical washing, drying, oxidation, or a combina-
tion of any of the foregoing.

20. The method of claim 1, wherein the closed vessel 1s
pressurized to about 20,000 psig.

21. The method of claim 1, wherein after the closed vessel
1s pressurized, the closed vessel has no free oxygen removed
therefrom.

22. The method of claim 1, wherein the plurality of nano-
carbon structures 1s a plurality of spherical nanocarbons; and

wherein the at least one contaminant includes at least one

nanotubular or non-spherical carbon.

23. A method for chemically extracting impurities from
nanocarbons, comprising:

providing a plurality of pre-synthesized nanocarbon struc-

tures, the nanocarbon structures being pre-synthesized
via any synthesis process;

introducing the plurality of pre-synthesized nanocarbon

structures and at least two liquid phase removing agents
into a vessel to form a suspension of the plurality of
nanocarbon structures 1n the at least two liquid phase
removing agents;

closing the vessel;

pressurizing the closed vessel;

subjecting the plurality of nanocarbon structures and the at

least two liquid phase removing agents 1n the closed and
pressurized vessel to microwave radiation to cause the at
least two liquid phase removing agents to chemically
react with and extract a portion of at least one contami-
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nant from the plurality of nanocarbon structures while
the plurality of nanocarbon structures and the at least
two liquid phase removing agents are subjected to the
microwave radiation in the closed and pressurized ves-
sel;

wherein the at least one contaminant includes at least one
metal;

wherein the at least two liquid phase removing agents
include at least one chelating agent and at least one acid;

wherein each nanocarbon structure of the plurality of nano-
carbon structures 1s not functionalized or derivatized by
subjecting the plurality of nanocarbon structures to the
microwave radiation 1n the presence of the at least two
liquid phase removing agents 1n the closed and pressur-
1zed vessel; and

wherein substantially no air or fluid passes through the
closed vessel after the closed vessel has been pressur-
1zed.

24. The method of claim 23, wherein the plurality of nano-
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25. The method of claim 23, wherein the plurality of nano-
carbon structures 1s selected from the group consisting of a
plurality of C,,, a plurality of C,,, a plurality of higher
fullerenes, and a plurality of nano-onions.

26. The method of claim 23, wherein after the closed vessel
1s pressurized, the closed vessel has no free oxygen removed
therefrom.

277. The method of claim 23, wherein the plurality of nano-
carbon structures are pre-synthesized via a high-pressure car-
bon monoxide synthesis process.

28. The method of claim 23, wherein the plurality of nano-
carbon structures are pre-synthesized via an arc discharge
evaporation synthesis process.

29. The method of claim 23, wherein the closed vessel 1s
pressurized to about 20,000 psig.

30. The method of claim 29, wherein the at least one metal
1s selectively removed.

31. The method of claim 30, wherein the at least one liquid
phaseremoving agent includes 1 M nitric acid and 1M sulfuric

carbon structures 1s selected from the group consisting of a 50 acid.

plurality of single walled carbon nanotubes, a plurality of
double walled carbon nanotubes, and a plurality of multiple
walled carbon nanotubes.
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